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STA R D ete CtO I'S Fast and Full azimuthal particle identification
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Multiple-fold correlations among the identified particles!
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* . RHIC Physics Focus _

1) At 200 GeV at RHIC
- Study medium properties, EoS
- pQCD in hot and dense medium

2) RHIC beam energy scan (BES)
- Search for the QCD critical point
- Chiral symmetry restoration

Forward program
- Study low-x properties, initial
condition, search for CGC
- Study elastic and inelastic
processes in pp2pp

Polarized p+p program
- Study proton intrinsic
properties
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Y Antimatter Discoveries at RHIC =

m April, 2011 SCienCe March, 2010

“Observation of the
Antimatter Helium-4 Nucleus”

by STAR Collaboration
Nature, 473, 353(2011).

“Observation of an
Antimatter Hypernucleus”

by STAR Collaboration
Science, 328, 58(2010).

signal candidates

rotated background

—

signal+background fit
" 1 " "

0 o= PR (| L - Py e
2.95 3 3.05 3.1
*He + n* Invariant mass (GeV/c?)




.- Light Nuclei Productions at RHIC [&#

STAR Experiment: Nature, 473, 353(2011)
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Baryon Number
1) In high-energy nuclear collisions, N(d) >> N(a):
QGP = (anti)light nuclei via coalescence
2) In the Universe, N(d) << N(a): N(anti-a)?
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*TAR

Study QCD Phase Structure
- Signals of phase boundary
- Signals for critical point

Early Universe
1 LHC Experiments

The Phases of QCD

ent RHIC Experiments

()
| -
>
-—
©
—
()
o
5
l_

Critical Point

Hadron Gas Superconductor

Nuclear
Matter Neutron Stars
-

900 MeV
Baryon Chemical Potential

Beam Energy Scan at RHIC

Exp. Observations:

(1) v, - NCQ scaling:
partonic vs. hadronic dof

(2) Dynamical correlations:
partonic vs. hadronic dof

(3) Azimuthally HBT:
15t order phase transition

(4) Fluctuations:
Critical point, correl. Length

net-p, net-Q, ... mixed ratios
C,, C4, Cq, Cy, ...

(5) Directed flow v,
15t order phase transition

- _http://drupal.star.bnl.qov/STAR/

starnotes/public/sn0493
- arXiv:1007.2613
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Anisotropy Parameter v,

coordinate-space-anisotropy > momentum-space-anisotropy

y
}

Initial/final conditions, EoS, degrees of freedom




Y., Partonic Collectivity at RHIC

Vs, = 200 GeV "%"Au+"""Au Collisions at RHIC
T T T T T T T T T
25 [~ (a) Light quarks - (b) Strange quarks *

STAR: preliminar
A A b Y

ot " *_4_ +

TR | I W S

! | ! ! ! ! | !
2 3 4 50 1 2 3 4 5
Transverse Momentum p-. (GeV/c)
Low p+ (= 2 GeV/c): hydrodynamic mass ordering
High p; (> 2 GeV/c): number of quarks scaling

=» Partonic Collectivity, necessary for QGP!
=» De-confinement in Au+Au collisions at RHIC!
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) T Observable™: NCQ Scaling in v, =

1 I I 1 1 . . .
ol partonic phase b s paronic | Vs, = 200 GeV Au + Au Collisions at RHIC (IV)I
B |
S —> Case Il hadronic o A p+p \\% NQ-scaling fit
TR S * A Freeze-out data 0.25 |- ~ ‘Q’%\}»" L
: 0 o\ .
8ol Ay ooconrn | 1IN org ank o
- , S g
2 D Y ¢
© 01} N o 2 [« S I - Lo
© 0.15 y 0.9
g o o o 6 & $
g > x"o*' +
— 005 | | 0.1 AN
A oo
y"'ﬁ I3
hadronic phase . 0.05 '.’_{5 . ."'
0 L L | [ VQJ"
0 — 1 'é‘é’ ] ¢ - meson
Baryon G&@mical Potential pg (GeV) 0 [~ i
0 1 2 3 4 5 6
0 | T, AUtAY, 9.2GeV, betdim W<t , Transverse momentum p; (GeV/c)
(a) Default (b) String Melting @ D

-m, ~m,~1GeV
-ss= @ not K'K-= ¢

pt, TTT

N * In the hadronic case, no number
£ o | f ______________ : of quark scaling and the value of
' o ' ' ' v, of ¢ will be small.

1 150 0.5 1 1.5
(m_-mg)/n_ (GeV/c?)

L* Thermalization is assumed!

STAR Collaboration: F. Liu, S.S. Shi, K.J. Wu et al.
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.. (anti-)Particle v, vs. Vs,

s 0-80% Au+Au
0.2f 7 7 Gev n-sub EP]11.5 GeV 139 Gev + 80 AL
er I B O X .
0.15} OFP 1 & | ‘o I A-A i
| S~ 60 °np
ol E o) S
b AN o _ +- -
0.05} ...g 1 :)D \? 401 K+ I<_ |
#‘2 pg> J "y I ATU-TU -
0(;.':'..;'.'.' é:lg&lzlélzl:la N 201 B
1 1
R LN L L L I R i L ’I\ -
aot. 1 1 < A Q _________________ Y ]
7.7 GeV n-sub EF] 1.5 GeV 39 GeV il V 0 73
@A 1 o1 : ]
0.15} O IR o t At | | | -
0 DR B S 1 % 20 40 60
> 0.1} 8l 1 = T :
o.0sf T 1 a 1 o
o - Vo((baryon) > vy(anti-baryon)
0 1 2 3 1 2 3 1 2 3 - Vo( TT%) < vy(TT)
p. (GeV/c) ) K-) < K+
T Vo( KY) < vy(K¥)

STAR: Quark Matter 2011 Hadronic interactions appear dominant
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0.08 . 1 0.08

‘5 0.06
7 0.04
7 0.02

Au+Au @ 39 GeV (0- 80%) .
121416 0020406081121416

] 0.08 ;_' | e AK WO _;
1006k NSubEP 5 ox ¥zt -
1 F o ® §
1 0.04F ""}? + 1
1 0.02f ﬁ .

0: T _~

AutAu @ 115 GeV (0-80%) § o AutAu @ 11.5 GeV (0-80%)
d ...... 0 2 ..... 0 4 ..... 06 ..... 0 8 ....... ‘11 ....... 112 ..... = 0‘. 012...014...016..018...‘11...112...
(m_-mg)/ncq (GeV/c?) (m_-m,)/ncq (GeV/c?)

- The @-meson v, falls off trend from other hadrons at 11.5 GeV
- An effect of 2.60
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Wrar w il

1) Partonic collectivity in 200 GeV collisions

2) At sy, < 11.5 GeV

- V, scales for the same charged hadrons
- V,(baryon) > v,(anti-baryon)
- V,(¢) < v,(hadron) (2.60)

> s,y < 11.5 GeV: [hadronic dominant]
Vsyy 2 39 GeV: [partonic dominant]

Where is the critical point?

Nu Xu Fluctuations, Correlations and RHIC Low Energy Runs, BNL, October 3 - 5, 2011 17/28



BES: (5400, 200, 62.4, 39, 27, 19.6, 155, 115, 7.7- 8 -1 GeV)

\ ‘ \
' RHIC |

FAIRNICA

o ;

Temperature T/T

0 2 4 6 8

Baryon Chemical Potential ug/T -




Y., Ousceptibilities and Moments

Thermodynamic function:

I
]{’4 - N d,(m, I TY K, (m,/ T)cosh[(B,pu, + 8,15 + Qa) /T

. nea oy 1 J"
The susceptibility: 7" /" = p . P(T T )‘T,TC, q=B,0,8
a(Mq / T) ‘ Conserved

Quantum

Thermodynamic function < Susceptibility & Moments
Model calculations, e.g. LGT, HRG & Measurements
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) . Non-Gaussian Fluctuations

s<0 s>0
IN: event by event multiplicity distribution N X
5 a\ &
N —(N \ /
" <N> 0T <( O<3 >) > ‘\\‘, ',){i"
N —(N ) = NI —
o= \/<(N - <N>)2> K= <( Oi >) > -3 Negative Skew Positive Skew

For a Gaussian distribution, the s=0, K
k=0. ldeal probe of the non-Gaussian |
fluctuations at critical point. K<

Higher order correlations are
correspond to higher power of the
correlation length of the system: more
sensitive to critical phenomena.
Price: large number of events required.
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High Moments of Net-protons

*TAR
4

\
8 T 720 420 210 54 20 10
sk L O Au+Au 19.6 GeV - [ L.
e OAu+Au 62.4 GeV . @ SERESS Au-+Au Collisions
A P ol KAUAU200GeV O AMPT 0.4<p. <0.8 (GeV/c)
PR e AMPT(SM N
O DU S ; 2 é | ly<0-5 )
W{‘*t ﬁ | op Hijing
0—} ; } : 1 } ] Nb [ O Therminator %b
10F S ©+| K (d) 4 | O UrQMD O i
y % ¥ ' U -#?L#l Ko
U R 1 i ] |
%go\ ---- Gromeennnd ’@;@ﬁ@ i LI ' Shb @ T [ -
10" _&**(:{3-(:-2 ﬁ ..... : i;&;; i (LIPS - l
o2l 1 Future Critical Point Search
0 100 200 300 400 0 100 200 300 400 e —l —
Average Number of Participant<Npan> 3456 10 20 30 100 200
\/Sny (GeV)
» Measure conserved quantities, B, s, and Q.
» First: High order fluctuation results consistent with thermalization.
> First: Tests the long distance QCD predictions in hot/dense medium.
Caveats: (a) static vs. dynamic; (b) net-B vs. net-p; (c) potential effects
of freeze-out...
- R. Gavai, S. Gupta, 1001. 3796 / F. Karsch, K. Redlich, 1007.2581 / M. Stephanov, 0911.1772.
- STAR: PRL105, 02232(2010) and references therein.
\L J
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Y., Comparing with LGT Results [

720 420 2,10, | ,5|4‘ | 20 10

- Central Au+Au Collisions (a) 1

2 ¥ STAR Data ]

n Net-proton i

b B 0.4<pT<0.8 (GeV/c),ly|<0.5 1
%) L -

H
Lattice QCD A+ & é

o N=4,T =175 (MeV) i
A N=6,T.=175 (MeV) % _|

0
F T T ' (5> ] References:
2 F ] - STAR, PRL105, 22303(10)
o R R K - R.V. Gavai and S. Gupta: PLB696, 459(11)
o ¢ - ¥
¥ oF ¥ E
- Lattice QCD !
“1F =
456 10 20 30 100 200
_ \/Syn (GeV)
Assumptions:

(a) Freeze-out temperature is close to LGT T,
(b) Thermal equilibrium reached in central collisions
(c) Taylor expansions, at yg#0, on LGT results are valid

= Lattice results are consistent with data for 60 < Vs, < 200 GeV
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*TAR

K 6°

STAR: PRL, 105, 22302(2010)
720 420 210 54 20 10
® STAR Data Au+Au Collisions
0 AMPT 0.4<p_<0.8 (GeV/c)
A AMPT(SM) T
2 [~ ly|<0.5 B
| <> Hijing A
¢ Therminator ¥
O UrQMD
By
| [ iR S E R TR SRR e PYRIIIIEE -
Future Critical Point Search
« ‘ : ". ] ‘
3456 10 20 30 100 200
\/Syy (GeV)
Energy Scan in Au+Au collisions:
Run 10: 7.7, 11.5, 39 GeV
Run 11: 19.6, 27 GeV

Remarks yobt

7~

\_

1) Centrality averaged events. In this
analysis, effects of volume and
detecting efficiencies are all
canceled out.

2) All transport model results values
are higher than unity, except the
Theminator result at 200GeV. LGT
predicted values around 0.8-0.9,
due to finite chemical potential.

3) Test of thermalization with higher
moments.

4) Critical point effect: non-
monotonic dependence on collision
energy.

* STAR: PRL105, 22302(2010).
* F. Karsch and K. Redlich, arXiv:1007.2581

=
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Y...  Effects of Centrality Bin Width

L l T T | T T 1 l 1T T T

2 39 GeV Uncorrected
_ _ Net-proton + 8pts
1) The fluctuation of the impact . 9pts

0.4<p_<0.8 (GeVic),|y|<0.5
+ 16 pts

parameter led to the fluctuation 1.5 |~ STAR Preliminary 31 pts

Il%‘llll‘llll‘

in collision centrality NS -
o bookt
2) Multiplicity weighted moments T + | ” % 1
help to remove the effect WWWH% M M % % % w i
-3 I RN B AR
o Cores
h = = Z wihi 1.5 B 0.4’16;:2:);)?@%) : ?Gptpsts ]
~ B Iv1<0-5 s 31 pts 7
. . . . b B ]
i multiplicity S H N
sl 4 %‘W M M { w |
h: O, S? K i STAR Preliminary |
05— . v 0l v
0 100 200 300 400

STAR: SQM2011 Ny

Nu Xu Fluctuations, Correlations and RHIC Low Energy Runs, BNL, October 3 - 5, 2011 24/28



.. Effects of Resonances, Neutrons =

Therminator-2.0 (arXv:11020273) 1) Resonance decay effect

e it on the products of So and
: AW/ODecayNet-p E KO'2 iS Sma”-

02 | -

i $ ] .
So.faﬂ » ¢ 1 % 1 2) Inclusion of neutrons
: effects is small. Net-proton

0~ -

: : distributions reflect the
N e net-baryon’s.

— A Netp Therminator-2.0

- @ ::::Ep::)m) Au+Au 200 GeV o _
15 [ A Wi Decay Neto 3) Low efficiency in the

event-by-event
measurements for
hyperons.

o
()

K 02
© ||’|||$||||
>
P
et
i S
— e e——
_%}—
e
NEREEEEREEEE RN

| | | | | | | | | I | | | | |
100 200 300 400
N

STAR: SQM2011

part
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) Effects of the FSI

AMPT sm: Phys. Rev. C 72, 064901

10 LAU+AU'200 GeV ' AMPT StringMeting

: — WFS| ]

- 0-5% :

100 b —WoFsl

B :
-

S 107 - _

> 107 F

L - ]

10 | _g

1 TE__ | L 11| | I 1 1 | I | | ﬁl | | 1 | 1 |_§

20 -10 O 10 20 30
Net-proton

N
o

1) FSI effect: within errors, no effects
2) AMPT model used

STAR: SQM2011

04 —

K 02

T T 71 I T T 1 I T T 1 I T T 1

L Au+Au 200 GeV AMPT StringMelting
Net-proton A WFSI |

0.4<p_<0.8 (GeV/c)
ly|<0.5 < W/O FSI 1

ECR I ;#% :

| | | | | | 1 | | | | | | | | | | | |
T T T T | 1T T 1 | L | 1T 1T T4

— Au+Au 200 GeV AMPT StringMelting—

Net-proton A WES
| 0.4<p_<0.8 (GeV/c)
— T = W/O FSI ]
- ly|<0.5 |

o & I3 # +‘Jf B

| | | | I | | | | | | | | | I | | | -

0 100 200 300 400

N

part
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-

uark-gluon plasma

mperature T/TC

m
\J

4 ’ )
QGP Properties
- Upgrade for HF hadron
measurements
u di-leptons ) 5 A 5 5
B Baryon Chemical Potential ug/T -
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(1) In collisions at RHIC top energy, hot and dense
matter, with partonic degrees of freedom and
collectivity, has been formed

(2) RHIC BES: Preliminary results indicate

g < 110 (MeV): partonic interactions dominant
Ug > 320 (MeV): hadronic interactions dominant

(3) Near future physics program:

- BES: ‘Comb’ the QCD phase diagram;
Complete analysis for 7.7/11.5/15.5(2)/19.6/27/39 GeV
and 200 GeV, eg.C, Cg, ...;

- Heavy flavor, di-lepton: study QGP properties
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